The maximum reading distance of common UHF RFID readers is about 10 meters at present, which restricts the widespread use of UHF RFID technology greatly. The application of the beam-switched smart antenna and the technique of the adaptive beam switching control algorithm which adapts to the UHF RFID system is proposed in this paper. According to the number of tags, communication time and other conditions, the proposed algorithm can adaptively control beam. Simulation results show that the proposed algorithm can reduce the recognition time and energy consumption efficiently.
Introduction
With the development of Internet of Things, RFID technology plays a significant role [1] . However, the UHF RFID systems still suffer from several problems:
(a) The maximum reading distance of UHF RFID reader is about 10 meters at present, which restricts the widespread use of UHF RFID technology [2] .
(b) Another key issue is that the recognition rate cannot achieve 100%. There are two main reasons: Firstly, The limit of antenna transmission power causes the limit effective recognition of RFID systems. Secondly, some tags cannot get enough energy to be activated because of multipath effect [2] .
(c) The data transmission of UHF RFID systems is non-contact, it is easy to cause tags collision, and the data cannot transmitted correctly, which affects the recognition rate of the readers [3] .
To solve the above problems, this paper applies smart antenna to UHF RFID systems. The smart antenna can use the combination of antenna array element to carry out signal processing and adjust transmitting and receiving direction pattern automatically.
The smart antenna is classified into the beam-fixed antenna, the beam-switched smart antenna and the adaptive smart antenna according to work principle. Among them, the beam-switched smart antenna has the advantages of simple structure and rapid response speed, and is suitable for application in the field of engineering.
The introduction of the smart antenna technology into UHF RFID systems can improve the performance such as maximum identification distance, coverage area, tags anti-collision and location. However, the existing research mainly focuses on the anti-collision algorithm. In this paper, the beam-switched smart antenna is applied to UHF RFID systems and the adaptive beam switching control algorithm that adapts to UHF RFID system is proposed. The proposed algorithm can reduce the recognition time and energy consumption efficiently.
Theoretical analysis
The principle of the beam-switched smart antenna applied to UHF RFID systems. With the receiving power of antenna remains constant, in order to increase the recognition distance of UHF RFID systems, one way is to increase the antenna gain. Single antenna increases antenna gain at the expense of beam width and recognition area [4] . Although one of the beams is narrow, the beam-switched smart antenna can increase the recognition scope by scanning beams in multiple directions. Finally the total recognition region is extended. With the application of the beam-switched smart antenna in UHF RFID systems, the maximum identification distance of the reader can be increased from 10 meters to 20 meters. Fig. 1 shows the beam-switched smart antenna scanning diagram. The system forms four beams by controlling signal phase of each antenna element, and the total coverage area is greater than that of the single antenna. In addition, with using the space division multiple access (SDMA) technology to the beam-switched smart antenna, the reader selects a subset of the effective identification region by controlling the beams and communicate with the tags in subset region only. The probability of collision is reduced due to fewer tags' response, and the total recognition time in the whole recognition area is reduced. Meanwhile, the multipath effect is reduced because of the spatial filtering function of the smart antenna. The performance of UHF RFID systems is improved by using the beam-switched smart antenna.
In the passive UHF RFID system, maximum recognition distance max D is limited by the minimum operating threshold of the tag, th P . max D is computed as max 4π
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where the definitions of the parameters are shown in Table 1 . The equivalent isotropic radiated power (EIRP) is limited to 4W in North America. Through using the beam-switched smart antenna, the EIRP can exceed 4W in a short time within a certain beam direction to obtain 20m reading distance, but the average power is below 4W because of the scanning controlled beams.
When the reader transmits the signal to tags, one of four beams is selected through the beam selecting switcher according to the beam switching control algorithm. If changing the value of the beam selecting switcher, the beam will change to another.
Anti-collision algorithm. The data transmission of passive UHF RFID systems is non-contact, so it is easy to cause "collision" among tags, so that data cannot be transmitted correctly. Anti-collision algorithm is the method to solve the problem of "collision" among tags [5] .
There are three solutions to solve the collision problems: SDMA, frequency division multiple access (FDMA) and time division multiple access (TDMA). At present, anti-collision algorithm is mainly based on TDMA [6] .
ALOHA algorithm maintains the highest throughput rate when the frame length and the number of tags is equal [7] . When the number of tags is more than the length of frame, recognition time will increase rapidly because of the collision. When the number of tags is less than the length of frame, some time slots are wasted. Therefore, in order to make the system maintain high throughput rate, the frame length should be change over time [8] .
The best frame length for different numbers of tags is shown in Table 2 . 
Adaptive beam switching control algorithm
Theoretical basis. Assuming n tags in the identification area, the frame length is set to L, and the probability of r tags which occupy a time slot obeys the binomial distribution [9] and is computed as
The probability of a single tag which responses in one time slot is given as
The probability of an idle slot is
The probability of multiple tags which response in one time slot is
The duration time which the beam-switched smart antenna stays in one of the beams is called as dwell time. Tags estimation algorithm is the premise of the beam switching control algorithm, and the accuracy of the estimation results directly affects the dwell time selection. This paper uses Chebyshev inequality as follows. ( , ,c ,c ) min
Circular queue is a storage structure that can achieve sequential storage and cyclic reading of multi-beams. The name of each beams and the required dwell time are stored in the circular queue.
The adaptive beam switching control algorithm needs the idle time slot numbers, successful identification slot numbers and collision slot numbers of the previous round. The un-identified tags number is calculated through the Chebyshev estimation algorithm. The reader changes current frame length according to the number of un-identified tags. When the number of un-identified tags is smaller than the limitation of the frame length, it reduces the frame length. The reader maintains the system throughput by adjusting frame length until all tags are recognized. Algorithm steps.
Step 1: Scan the tags within the identification scope and estimate the number of tags to be identified in the four beams by Chebyshev estimation algorithm.
Step 2: Select corresponding dwell time Tij for each beam based on Table 2 according to the tag numbers in four beams. The subscript i stands for current scanning rounds, the subscript j stands for serial numbers of the beam area. The dwell time corresponding to the current round of each beam is stored in the circular queue, e.g., T11=16ms, T12=4ms, T13=32ms, T14=48ms, as shown in Fig. 2(a) .
Step 3: Scan the first beam in the circular queue for the dwell time T11.
Step 4: After scanning the first beam, adjust the direction of the beam to beam 2 for T12 as shown in Fig. 2(b) .
Step 5: Scan four beams in turn, as shown in Fig. 2(c) and (d). Use Chebyshev estimation algorithm to estimate the number of the un-identified tags in four beams again, calculate the corresponding Tij of each beam for the next round. If the number of the un-identified tags in one beam is zero, the corresponding Tij is set to zero, e.g., T21=10ms, T22=0ms, T23=16ms, T24=36ms, as shown in Fig. 2 (e).
Step 6: Scan these four beams once again according to the dwell time stored in the circular queue. If Tij=0, then skip the current beam and directly adjust the beam direction to the next beam. Taking T22=0ms in Fig. 2(f) as example, skip beam 2 and begin to scan beam 3. After realizing this round of scan, use Chebyshev estimation algorithm to estimate four beams again.
Step 7: Until all the dwell time in the circular queue is zero, it is indicated that all the tags are identified. (e) (f) (g) Figure 2 . Algorithm steps.
Simulation analysis
The proposed adaptive beam switching control algorithm for UHF RFID reader is simulated. For comparison, the recognition distance are defined as 10 meters because the maximum recognition distance of the existing reader is 10 meters. In order to ensure the accuracy of the simulation, we assume randomly distributed 1000 tags in this region, and each tag can be identified correctly. Time consumption and energy consumption are two important aspects to measure the performance of the proposed algorithm. Time consumption. In general, the more identified tags, the longer time consumption. As can be seen from Fig. 3 , when the tags number is less than 500, the adaptive beam switching control algorithm is a bit better than the low gain fixed beam antenna. However, when the tags number is greater than 500, the time consumption difference between the adaptive beam switching control algorithm and the low gain fixed beam antenna is greatly increased with the increase of the tags number. Energy consumption. This is one of the most important feature of the proposed algorithm. As can be seen in Fig. 4 , the adaptive beam switching control algorithm has much less energy consumption than the low gain fixed beam antenna and therefore offers excellent performance in energy consumption.
Conclusion
The beam-switched smart antenna technology is applied to UHF RFID systems, and the adaptive beam switching control algorithm is proposed in this paper. The beam-switched smart antenna combined with the proposed adaptive beam switching control algorithm will extend recognition area and reduce the tags collision, so that time consumption and energy consumption are reduced without modifying the existing protocols.
